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Abstract 
Dead wood, composed of coarse standing and fallen woody debris (CWD), is an important 
carbon (C) pool in tropical forests and its accounting is needed to reduce uncertainties within 
the strategies to mitigate climate change by reducing deforestation and forest degradation 
(REDD+). To date, information on CWD stocks in tropical forests is scarce and effects of 
land-cover conversion and land management practices on CWD dynamics remain largely 
unexplored. Here we present estimates on CWD stocks in primary forests in the Colombian 
Amazon and their dynamics along 20 years of forest-to-pasture conversion in two sub-regions 
with different management practices during pasture establishment: high-grazing intensity 
(HG) and low-grazing intensity (LG) sub-regions. Two 20-year-old chronosequences 
describing the forest-to-pasture conversion were identified in both sub-regions. The line-
intersect and the plot-based methods were used to estimate fallen and standing CWD stocks, 
respectively. Total necromass in primary forests was similar between both sub-regions 
(35.6±5.8 Mg ha-1 in HG and 37.0±7.4 Mg ha-1 in LG). An increase of ~124% in CWD stocks 
followed by a reduction to values close to those at the intact forests were registered after 
slash-and-burn practice was implemented in both sub-regions during the first two years of 
forest-to-pasture conversion. Implementation of machinery after using fire in HG pastures led 
to a reduction of 82% in CWD stocks during the second and fifth years of pasture 
establishment, compared to a decrease of 41% during the same period in LG where 
mechanization is not implemented. Finally, average necromass 20 years after forest-to-pasture 
conversion decreased to 3.5±1.4 Mg ha-1 in HG and 9.3±3.5 Mg ha-1 in LG, representing a 
total reduction of between 90% and 75% in each sub-region, respectively. These results 
highlight the importance of low-grazing intensity management practices during ranching 
activities in the Colombian Amazon to reduce C emissions associated with land-cover change 
from forest to pasture.  
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1. Introduction 
 
Deforestation in the tropics generates 7-14% of the total carbon dioxide (CO2) emissions 
globally (Harris et al., 2012) becoming the second most important source of greenhouse gases 
(GHG) after fossil fuel combustion (Don et al., 2011). Conversion from forest to pasture is the 
most common land-cover change in the Amazon basin (Fearnside and Barbosa, 1998; Asner 
et al., 2004; Desjardins et al., 2004), although the area dedicated to agriculture activities, 
particularly soybean crops, has increased since the 2000s (Nepstad et al., 2008; Pacheco et al., 
2012). After cutting the forest, management practices to establish pasture in Amazonia may 
include: the use of fire to eliminate the maximum amount of plant material left by 
deforestation or to control the expansion of secondary vegetation (Fearnside et al., 1993; 
Kauffman et al., 1995; Kauffman et al., 1998; IPCC, 2006; Aragão and Shimabukuro, 2010), 
implemented once or more times depending on burning efficiency of dead wood (Fearnside et 
al., 1999; Fearnside et al., 2001); the use of machinery to remove unburned woody debris 
(Murty et al., 2002; Marin-Spiotta et al., 2009); the introduction of improved pastures and 
legume species (Alarcón and Tabares, 2007; Mosquera et al., 2012), or the use of fertilizers 
and lime to improve pasture productivity (Jiménez and Lal, 2006; Fisher et al., 2007). 
Management practices implemented during pasture establishment are as important as land-
cover changes in determining carbon (C) dynamics and GHG emissions/removals (Fearnside 
and Barbosa, 1998; Dias-Filho et al., 2000; Berenguer et al., 2014; Luyssaert et al., 2014), and 
among them, grazing intensity can significantly contribute to increase or reduce C stocks (Uhl 
et al., 1988). 
 
Coarse dead wood, also called coarse woody debris (CWD), is one of the C pools defined 
by the Intergovernmental Panel Climate Change (IPCC) to report on C stocks changes and 
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GHG emissions/removals associated with land-use changes within the Agriculture, Forestry 
and Other Land Use (AFOLU) sector (IPCC, 2006). CWD includes standing and fallen dead 
trees and all dead wood pieces with diameter ≥ 10 cm that together store on average ~30% of 
the total C stored in the aboveground C pools in tropical forests (Harmon et al., 1995; Clark et 
al., 2002; Creed et al., 2004; Rice et al., 2004; Baker et al., 2007; Palace et al., 2007). CWD is 
also an important component in many ecological processes in the forest as it provides a 
habitat for some micro- and macro-organisms (Gibss et al., 1993; Eggleton et al., 1995; 
Grove, 2002; Pedlar et al., 2002), participates in nutrient cycling and influences the energy 
flux within the ecosystem (Harmon et al., 1986; Chao et al., 2008).  
 
Due to its importance within the tropical forests, C emissions from CWD potentially 
contribute a considerable amount of total CO2 emissions associated with deforestation (Palace 
et al., 2008). However, information on CWD stocks and variation with land-cover and land-
use changes is scarce (Baker et al., 2007; Palace et al., 2012). Recently, two studies were 
published on the impact of forest degradation on dead wood C pool in primary forests in 
eastern Brazilian Amazon (Berenguer et al., 2014) and Malaysia (Pfeifer et al., 2015) with the 
potential to improve GHG emissions accountability. However, there are no studies assessing 
the impact of the land-cover change from forest to pasture on CWD stocks and C dynamics. 
 
Strategies to mitigate CO2 emissions associated with deforestation such as REDD+ require 
reporting of emission factors, defined as the emissions/removals of all important GHG 
associated with land-cover conversion in all relevant C pools (i.e. total changes in C stocks), 
and activity data, referring to the size of a deforested or degraded area (Verchot et al., 2012). 
Both emission factors and activity data should be included within the forest reference 
emission levels (FREL) that countries willing to access result-based payments through 
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REDD+ activities must submit to the UNFCCC, as benchmarks for assessing country’s 
performance (FAO, 2014). Due to lack of information, dead wood C pool was not included in 
any of the FRELs recently submitted to the UNFCCC by Brazil, Colombia, Ecuador, Guyana, 
Malaysia and Mexico (Conafor, 2014; GFC, 2014; MADS, 2014; MAE, 2014; MMA, 2014; 
MNRE, 2014). Colombia, in particular, included the above- and below-ground biomass C 
pools in forests within its FREL, but neither the dead wood C pool nor their change after 
conversion from forest to any post-deforestation land-use category were included (MADS, 
2014). Nonetheless, under the UNFCCC Stepwise Approach (UNFCCC, 2012), countries 
have the option to improve their initial FRELs by incorporating high-quality data, improved 
methodologies and additional C pools developed from country- or region-specific information 
and field measurements following an IPCC Tier 3 approach. 
 
Here we present new Tier 3 information and emission factors on dead wood C pool and its 
dynamics during 20 years of forest-to- pasture conversion under different management 
practices in the Colombian Amazon. In this study we addressed the following general 
question: to what extent land-cover change from forest to pasture and subsequent land 
management practices affect dead wood C pool in the Colombian Amazon? Therefore, we 
aimed to better quantify CWD stocks and changes with forest-to-pasture conversion in the 
Colombian Amazon in support of REDD+ initiatives. Specifically, our objectives were to: 
1. Quantify the volume, wood density and necromass of CWD in primary forests of the 
Colombian Amazon. 
2. Quantify the changes in CWD stocks in two sub-regions of the Colombian Amazon 
and describe the influence of the high- and low-grazing intensity management 
practices after 20 years of forest-to-pasture conversion on the dead wood dynamics. 
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3. Determine the emission factors of dead wood C pool in both sub-regions according to 
IPCC (2006), by applying region-specific equations developed in this study describing 
the CWD dynamics along 20 years of forest-to-pasture conversion. 
 
2. Materials and methods 
 
2.1. Site description 
The study was carried out in two sub-regions of the Colombian Amazon where 
management practices after forest-to-pasture conversion differ in terms of grazing intensity. 
According to Maecha et al. (2002), the carrying capacity of pastures in the Colombian 
Amazon is 0.8-1.0 heads of forage-fed livestock per hectare (HFFL). Therefore, for this study 
we defined the high- and low-grazing intensity areas (hereafter HG and LG, respectively) as 
those pastures in which the number of HFFL per hectare is above and below 1.0 head of 
livestock ha-1, respectively (Fig. 1). High-grazing intensity management practices are evident 
in most of the pasture areas located in HG, where pastures cover ~662 000 ha (3.6%) from a 
total area of 18 237 519 ha (Ideam, 2014) and cattle density by 2013 was 1 777 549 heads of 
forage-fed livestock (HFFL), averaging 2.7 HFFL ha-1, according to the National Livestock 
Inventory of Colombia (Fedegan, 2013). By contrast, pastures in LG in 2013 covered ~45 000 
ha (0.2%) from a total area of 23 387 251 ha (Ideam, 2014), and cattle density by the same 
year was 5 328 HFFL (Fedegan, 2013), averaging 0.1 HFFL ha-1. HG and LG also coincide 
with the division of the Colombian Amazon made by government, as high- and low-
deforestation risk sub-regions, respectively (Gonzáles et al., 2014). Pastures are the 
predominant post-deforestation land cover across the whole Colombian Amazon and are 
mostly located in HG (Cabrera et al., 2011). According to Bowman et al. (2012), up to 80% 
of the pasture area in the Colombian Amazon is occupied by farms implementing the 
7 
 
extensive cattle ranching system. However, whereas in HG farmers tend to manage their 
pastures by planting Brachiaria humidicola or B. decumbens, or by mixing these species with 
legume species such as Arachis pintoi or Desmodium ovalifolium (Alarcón & Tabares, 2007; 
Mosquera et al., 2012), in LG it is common to find pasture areas where grasses (C4 
vegetation) are mixed with shrubs and trees (C3 vegetation). The use of fire is a commonly-
used management practice in both sub-regions to eliminate the remnant dead wood and other 
non-readily-decomposable material left after deforestation. However, whilst in HG the 
implementation of machinery to remove most of the residual dead wood not consumed 
completely by fire and to eliminate the secondary vegetation growing in the pasture matrix is 
a frequent practice, the use of machinery in LG is reduced or absent due to the limitation to 
transport heavy equipment to remote areas within the forest of this sub-region. 
 
HG is located in the west of the Colombian Amazon where the major land forms are low-
gradient foot slopes and dissected plains, extending eastward between 800-200 m above sea 
level, and the predominant soils are Haplic Ferralsols and Haplic Acrisols, respectively. 
However, Ferralsols occur only in a relatively small portion of the western side of HG, in the 
transition of the Andean and Amazon regions of Colombia. Mosquera et al. (2012) found no 
significant differences in total soil organic carbon and the content of other elements in 
pastures of the same age located in Ferralsols and Acrisols sites within HG. LG is located in 
the east of the Colombian Amazon where the land forms are dominated by dissected plains 
between 90-80 m above sea level, and the soils are mainly Haplic Acrisols (van Engelend & 
Dijkshoorn, 2013). For this study mean annual precipitation and temperature were calculated 
as the average between 1970 and 2013 in HG, and between 1972 and 2012 in LG. Mean 
annual precipitation and mean annual temperature in HG are 3723.9±408.6 mm and 26.6±0.6 
°C, respectively, and in LG are 3351.1±341.7 mm and 25.9±0.4 °C, respectively. On average 
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evapotranspiration never exceeds precipitation in either sub-regions. The Tropical Moist 
Forest is the dominant forest type in the Colombian Amazon, covering a total area of ~39 
million hectares and storing 136.6±4.9 Mg C ha-1 and 27.5±0.9 Mg C ha-1 in the above- and 
below-ground biomass, respectively (Phillips et al., 2014). 
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Fig. 1. Location of the high- and low-grazing intensity sub-regions in the Colombian Amazon 
(HG and LG, respectively). Panels on the right side show the location of Colombia within 
South America. 
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2.2. Chronosequence approach 
 
One chronosequence of six sites representing the forest-to-pasture conversion was 
identified in each of the two sub-regions of the Colombian Amazon, through the use of 
satellite images, official maps of deforestation in Colombia, and interviews with landowners 
and local people, who also provided information about the land-use history and management. 
Both chronosequences covered a period of 20 years of forest-to-pasture conversion, with the 
primary forest as the starting point (i.e. 0 years since deforestation). The chronosequences 
were established in areas of pasture that previously had a forest cover and have been kept as 
pasture ever since the deforestation event. In order to have a more representative sequence of 
the forest-to-pasture conversion, the chronosequences included the first stages of the pasture 
establishment, corresponding to areas recently deforested (i.e. around one year since 
deforestation) and areas recently burned to clean the biomass remaining from deforestation 
(i.e. one to two years after deforestation). The rest of the chronosequence was established in 
pastures of around 5, 12 and 20 years old since deforestation in both sub-regions (Table 1). 
 
The landscape of the area devoted to cattle ranching in HG is mainly dominated by 
extensive pastures established during the last decades, with the sporadic occurrence of small 
(< 1.0 ha), scattered patches of remnant forest. The distance from the selected pasture areas to 
the closest forest in HG was < 1.0 km in the case of the 1- and 2-year-old pastures, ~4.0 km in 
the case of the 5-year-old pasture and > 30 km in the case of the 12- and 20-year-old pastures. 
In contrast, the areas dedicated to cattle ranching in LG are embedded within the primary 
forest matrix, so selected pasture areas from all stages of the chronosequence in this sub-
region are surrounded by the adjacent forest. 
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Table 1 Location and time after deforestation of the identified sites comprising both 
chronosequences in the high-grazing intensity (HG) and the low-grazing intensity (LG) sub-
regions in the Colombian Amazon. 
Site 
Post-
deforestation 
time (years) 
Location (Lat., Long.) 
HG     
Primary forest 0.0 01°39’41.8’’N, 75°37’41.8’’W 
1-yr-old pasture 0.6 01°39’53.8’’N, 75°37’30.0’’W 
2-yr-old pasture 1.7 01°39’38.7’’N, 75°37’28.1’’W 
5-yr-old pasture 5.4 01°44’02.8’’N, 75°38’03.1’’W 
12-yr-old pasture 12.0 01°27’30.4’’N, 75°37’34.8’’W 
20-yr-old pasture 20.0 01°27’22.5’’N, 75°37’57.9’’W 
LG     
Primary forest 0.0 04°10’10.1’’S, 69°55’17.0’’W 
1-yr-old pasture 0.7 04°09’53.6’’S, 69°54’50.0’’W 
2-yr-old pasture 1.5 04°09’49.3’’S, 69°55’02.8’’W 
5-yr-old pasture 5.0 04°09’51.5’’S, 69°54’41.2’’W 
12-yr-old pasture 12.0 04°09’58.8’’S, 69°54’10.5’’W 
20-yr-old pasture 20.0 04°10’02.2’’S, 69°55’17.9’’W 
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2.3. Necromass estimate 
 
Mean necromass N (Mg ha-1) of standing and fallen CWD at each stage st of both 
chronosequences was calculated as the product of the volume and wood density of the CWD 
pieces, as: 
 !"# = %"# × '"#          (1) 
 
and the standard error of Ni was calculated following Taylor (1997), as: 
 ()*"# = ()+"#%"# + ()-"#'"#         (2) 
 
where SEρst and SEVst represent the standard error of wood density and volume, respectively. 
Corrected necromass of standing and fallen CWD was obtained by multiplying Nst by the void 
space proportion of CWD at every stage of each chronosequence, and total necromass for a 
specific stage was obtained as the sum of the corrected standing and fallen CWD necromass 
in the same stage. Propagated standard error for total necromass was calculated as the square 
root of the sum of the squared standard error of the corrected standing and fallen CWD 
necromass. A detailed description of the procedure and equations implemented to estimate 
standing and fallen CWD volume, CWD density and the void space proportion of CWD is 
presented in the Supplementary Information accompanying this study, and is based in the 
protocol proposed by Yepes et al. (2011) to measure dead wood in the field. 
 
2.4. Statistical analysis 
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All data were tested for normality and homogeneity of variance. The Rayleigh’s test for 
circular uniformity was performed to verify that the orientation of fallen CWD was randomly 
distributed (Zar, 1999). In order to establish possible differences in mean wood density, 
volume and necromass of standing and fallen CWD between similar stages of the forest-to-
pasture conversion between HG and LG, and among the six stages of each chronosequence, t 
tests of independent samples and analyses of variance (ANOVA), respectively, were 
performed. When significant differences were found, post hoc Tukey-HSD tests were made. 
The model to predict CWD wood density was developed using the package Lattice version 
0.20-29 of the software R (R version 3.1.1). In order to obtain the pattern of variation of dead 
wood during the forest-to-pasture conversion under the specific management practices 
implemented in each sub-region, linear, exponential and logarithmic regression analyses were 
tested and the model which best fitted the data in every case was selected. The selected 
equations were used to establish the emission factors for the total change in dead wood C pool 
due to the forest-to-pasture conversion after 20 years of deforestation in both sub-regions of 
the Colombian Amazon, according to the IPCC (2006) Tier 3 approach. Thus, the results of 
CWD necromass expressed in Mg ha-1 were converted to Mg C ha-1 by using a factor of 0.5 
assuming that C corresponds to 50% of total necromass (Feldpausch, et al., 2004; IPCC, 
2006), and then converted to tonnes of CO2 equivalent per hectare (t CO2e ha-1) by using the 
C-to-CO2e conversion factor of 44/12 (UNFCCC, 2012). All the analyses were evaluated with 
a significance level of P < 0.05. 
 
3. Results 
 
3.1. Void space and wood density 
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Mean void space proportion in CWD was extremely low in both sub-regions, ranging from 
2.2% and 3.9% in the forests to 0.0% and 0.3% in the 20-year-old pastures in HG and LG, 
respectively (Table S1). There were no significant differences in mean void space proportion 
either between similar stages of each chronosequence in HG and LG, or across different 
stages within the same sub-region. The best model to predict wood density of standing and 
fallen CWD based on penetration data using the dynamic penetrometer and calibrated with 
laboratory measurements of wood density (r2 = 0.65; P < 0.0001; df = 135; AIC = -175.7; Fig. 
2), is expressed as: 
 '. = 0.68574 − 0.46883(9:;<=>. + 1) + 0.33388A + 0.36301(9:;<=>. + 1)A  (3) 
 
where ρi (g cm-3) is the wood density of the CWD piece i and Pi (cm) is the penetration of the 
penetrometer into the wood of the CWD piece i (I = 0, if P ≤ 1; I = 1, if P > 1). 
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Fig. 2. Relationship between penetration (P) into the wood of the CWD using a dynamic 
penetrometer and wood density measured at the laboratory (Lab ρ). r2 = 0.65; P < 0.0001; df 
= 135; AIC = -175.7. 
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Mean wood density was significantly higher in LG in the forest and 2-year-old pasture in 
the case of standing CWD, and in the 1-, 2-, and 20-year-old pastures in the case of fallen 
CWD. Even though the rest of the comparisons between sub-regions were not significant, 
wood density of standing and fallen CWD were generally lower in HG compared to LG (Fig. 
3; Table S2). Wood density of fallen CWD was significantly lower in the forests of both sub-
regions, and increased with pasture age with no significant differences among them. On the 
other hand, although wood density of standing CWD was lower in forests in HG and LG, 
there were no significant differences in CWD wood density across most of the pasture stages 
in each sub-region (Fig. 3; Table S2). 
 
3.2. CWD volume and necromass 
 
There were no significant differences in the volume of standing and fallen CWD between 
similar stages of each chronosequence in HG and LG. Volume of standing CWD varied 
significantly among forest-to-pasture stages in HG, ranging from 21.1±5.4 and 24.7±4.6 m3 
ha-1 in the forest and 1-year-old pasture stages to 2.3±1.0 m3 ha-1 in the 20-year-old pasture. 
No significant variation in the volume of standing CWD among stages was found in LG, 
although the highest values were registered during the first two stages of the chronosequence 
(Fig. 3; Table S3). 
 
Significant differences were found in the volume of fallen CWD among stages of both 
chronosequences. Volume of fallen CWD in forests in HG was 56.0±3.6 m3 ha-1. However, 
during the first stage of pasture establishment it increased 112% from its original value, after 
which there was a progressive reduction until a value of 3.8±0.1 m3 ha-1 recorded in the 20-
year-old pasture. A similar pattern occurred in LG, where the volume of fallen CWD at 
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forests was 66.8±5.6 m3 ha-1 and increased 71% after deforestation. Unlike HG, the decrease 
in volume between the 2- and 5-year-old pastures was less pronounced in LG (i.e. from 
52.9±3.4 to 9.1±0.1 m3 ha-1 in HG vs. 40.7±1.6 to 25.7±0.7 m3 ha-1 in LG), and the value 
registered in the 20-year-old pasture was 8.4±0.1 m3 ha-1 (Fig. 3; Table S3). 
 
Mean standing and fallen CWD necromass values slightly lower when corrected for void 
space proportion. Total (standing + fallen) CWD corrected necromass was similar between 
HG and LG during the first three stages of pasture establishment, where values increased 
124% in HG and 123% in LG just after deforestation, and then decreased during the 2-year-
old pastures to values slightly lower than those recorded at forests. However, while there was 
a sharp reduction of 82% in total CWD between the 2- and 5-year-old pastures and a small 
amount recorded in the 20-year-old pasture (3.5±1.4 Mg ha-1) in HG, total CWD only was 
reduced by 41% between the 2- and the 5-year-old pastures and decreased to 9.3±3.5 Mg ha-1 
at the last stage of the chronosequence in LG (Table 2). 
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Fig. 3. Mean wood density (a and b; g cm-3) and volume (c and d; m3 ha-1) of standing and 
fallen CWD in the high-grazing intensity (HG) and the low-grazing intensity (LG) sub-
regions of the Colombian Amazon. Bars represent the standard error of the mean (n for wood 
density is presented in Table S2; n for volume is presented in Table S3) 
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Table 2 Mean necromass (± propagated SE, Mg ha-1) corrected by void space proportion of standing and fallen CWD, and total mean necromass 
(standing + fallen) in the high-grazing intensity (HG) and the low-grazing intensity (LG) sub-regions of the Colombian Amazon. Lowercase 
letters indicate significant differences among stages of the same sub-region (P < 0.0001), and uppercase letters represent significant differences 
in uncorrected necromass of fallen CWD between similar stages from each sub-region (P < 0.0001). 
Forest-to-pasture 
conversion in HG 
Necromass (Mg ha-1)         Forest-to-pasture 
conversion in LG 
  Necromass (Mg ha-1)       
Standing   Fallen   Total     Standing   Fallen   Total 
Primary forest 9.6 (2.7)ab   26.1 (5.2)b   35.6 (5.8)   Primary forest   7.2 (2.0)   29.8 (7.1)b   37.0 (7.4) 
1-yr pastures 14.4 (2.9)a   65.1 (14.6)a   79.6 (14.9)   1-yr pastures   11.5 (2.5)   71.1 (7.8)a   82.5 (8.2) 
2-yr pasture 3.9 (0.7)bc   28.7 (5.9)b   32.7 (5.9)   2-yr pasture   6.3 (2.1)   25.3 (3.5)b   31.6 (4.1) 
5-yr pasture 1.4 (0.6)c   4.9 (1.6)Ac   6.3 (1.7)   5-yr pasture   7.4 (5.3)   14.5 (5.3)Abc   22.0 (7.5) 
12-yr pasture 1.9 (1.0)c   3.4 (1.3)c   5.3 (1.6)   12-yr pasture   2.8 (0.7)   5.3 (1.6)c   8.0 (1.8) 
20-yr pasture 1.3 (0.6)c   2.2 (1.2)c   3.5 (1.4)   20-yr pasture   3.9 (2.8)   5.4 (2.1)c   9.3 (3.5) 
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3.3. CWD necromass turnover and emission factors (IPCC Tier 3 approach) 
 
Total CWD significantly decrease along the 20 years of forest-to-pasture conversion in 
both sub-regions of the Colombian Amazon (r2 = 0.25, P < 0.0001 in HG and r2 = 0.26, P < 
0.0001 in LG; Fig. 4a), as a consequence of the significant reduction of fallen CWD (r2 = 
0.38, P < 0.0001 in HG and r2 = 0.41, P < 0.0001 in LG; Fig. 4b) and standing CWD (r2 = 
0.50, P < 0.0001 in HG and r2 = 0.13, P < 0.0001 in LG; Fig. 4c) during the same period. 
IPCC (2006) recommends developing emission factors of dead wood C pool changes for 
lands converted to grasslands, including the forest-to-pasture conversion, and the long term 
legacy effects of land-use management within a Tier 3 approach. Accordingly, the following 
equations and parameters were fitted to the data in order to describe the change in total CWD 
stocks with time since conversion in HG and LG, respectively 
 !"#$ = 33.7748	,-.(−0.205245)       (4) 
 
and the equation 
 !"#$ = 44.8387	,-.(−0.199445)       (5) 
 
Table 3 presents the resulting emission factors for changes in dead wood C pool for the 
forest-to-pasture conversion in HG and LG in tonnes of CO2 equivalent per hectare (tCO2e ha-
1). 
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Fig. 4. Dead wood variation of (a) total (CWDT), (b) fallen (CWDF), and (c) standing (CWDS) 
coarse woody debris during the forest-to-pasture conversion in the high-grazing intensity 
(HG) and the low-grazing intensity (LG) sub-regions of the Colombian Amazon. The dotted 
lines represent the 95% confidence interval. 
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Table 3 Emission factors (t CO2e ha-1) for changes in total (standing + fallen) dead wood C 
pool after 20 years of forest-to-pasture conversion in the high-grazing intensity (HG) and the 
low-grazing intensity (LG) sub-regions of the Colombian Amazon. Values in parenthesis 
represent the Confidence Interval (95%). 
Post-deforestation Total CWD C pool (t CO2e ha-1) 
time (yr) HG     LG   
0 61.9 (16.8)   63.9 (14.2) 
1 50.4 (12.1)   54.9 (10.3) 
2 41.1 (12.3)   47.2 (9.6) 
3 33.5 (13.7)   40.6 (10.4) 
4 27.2 (14.2)   34.9 (11.5) 
5 22.2 (15.2)   29.9 (13.1) 
6 18.1 (15.1)   25.7 (13.5) 
7 14.7 (15.2)   22.1 (13.3) 
8 12.0 (13.5)   19.0 (13.3) 
9 9.8 (12.8)   16.3 (13.4) 
10 8.0 (11.7)   14.0 (12.4) 
11 6.5 (10.4)   12.1 (12.0) 
12 5.3 (9.2)   10.4 (11.6) 
13 4.3 (8.5)   8.9 (10.9) 
14 3.5 (7.3)   7.7 (9.6) 
15 2.9 (6.5)   6.6 (9.0) 
16 2.3 (5.9)   5.7 (8.5) 
17 1.9 (5.1)   4.9 (7.6) 
18 1.5 (4.0)   4.2 (6.6) 
19 1.3 (3.7)   3.6 (6.1) 
20 1.0 (2.8)   3.1 (5.5) 
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4. Discussion 
 
4.1. CWD stocks in the forests of Colombian Amazon 
 
Total mean necromass (standing + fallen CWD) in the primary forests in both sub-regions 
of the Colombian Amazon presented here are in the middle of the range of those for lowland 
tropical forests presented by Baker et al. (2007). Estimates are slightly higher than the average 
values from the Peruvian Amazon (24.5±2.6 Mg ha-1) and the whole Amazonian terra firme 
forests (31.6±2.7 Mg ha-1) presented by Chao et al. (2009a). Reports on CWD stocks show 
that necromass tends to be higher in eastern and north-eastern Amazonia, reaching values of 
up to 86.6±13.4 Mg ha-1 at terra firme forests in Pará, Brazil (Rice et al., 2004), and decreases 
towards the west of the Amazon basin (Chao et al., 2009a). Rates of tree mortality and 
decomposition of dead wood have been proposed as the main factors controlling CWD stocks 
in Amazonian forests (Baker et al., 2007). It has been demonstrated that tree mortality in 
primary forests also increases from east to west across the Amazon basin (Phillips et al., 
2004; Chao et al., 2009b), and that decomposition of CWD in tropical forests strongly 
depends on wood density and diameter (Harmon et al., 1995; Chambers et al., 2000). Baker et 
al. (2004) found that wood density tends to be ~16% lower in northwest Amazonia compared 
to the central and eastern sectors, and Baker et al. (2007) showed that decomposition rates 
near Manaus, in the central Amazon, are lower compared to those in forests in southern Peru. 
 
Most studies on CWD stocks, however, have been concentrated in the central and east 
(north and south) sectors of the Amazon (e.g. Chambers et al., 2000; Keller et al., 2004; Rice 
et al., 2004; Feldpausch et al., 2005; Palace et al., 2007) and just few have focused on the 
western region, mainly in the Peruvian Amazon (Baker et al., 2007; Chao et al., 2008; Araujo-
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Murakami et al., 2011; Banin et al., 2014). Only one study on necromass of standing dead 
trees was carried out in a terra firme forests in the Colombian Amazon, showing CWD stocks 
of 26.3±9.1 Mg ha-1 (Salarriaga et al., 1988).Therefore, reports on necromass in the HG and 
LG sub-regions presented here will help to reduce the uncertainty in CWD estimations in 
northwest Amazonia, particularly in the Colombian Amazon, and contribute with new 
information to strengthen regional patterns across the Amazon basin. Similarities in 
necromass of standing and fallen CWD between primary forests from both sub-regions of the 
Colombian Amazon indicate that CWD input rates and decomposition rates should also be 
similar between them. 
 
One of the factors contributing to a high variability in CWD decomposition rates and 
necromass calculations is the error associated with wood density estimations (Chambers et al., 
2000). The method of classifying dead wood into different decomposition classes has been 
widely used to estimate wood density (see Keller et al., 2004; Baker et al., 2007; Chao et al., 
2008). However, the inherent subjectivity of the decay classification method increases the 
uncertainty associated with wood density estimates and makes it difficult to replicate the 
method and to compare among sites where classification has been done by different people 
(Larjavaara and Muller-Landau, 2010). In contrast, the total variability of the model we 
developed to predict CWD wood density based on objective penetration data using the 
dynamic penetrometer is mainly explained by this parameter (r2 = 0.65; P < 0.0001) and can 
be replicated in sites where wood density is measured in the field by different people. 
 
4.2. Dead wood dynamics with land-use change under different management practices 
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The results presented here show that land-cover change from forest to pasture strongly 
reduced the CWD stocks in both sub-regions of the Colombian Amazon. After 20 years of 
pasture establishment there was a net reduction of the total CWD necromass of 90% in HG 
and 75% in LG compared to the original values recorded in the primary forests in both sub-
regions. An expected increase of ~123% in total CWD necromass after cutting the forests 
followed by a reduction produced by fire events that reached similar values to those found in 
the forests were registered during the first two years after deforestation in both sub-regions. 
According to the farmers and land owners interviewed for this study, it is a common practice 
in HG and LG to burn the deforested areas in two to three fire events after cutting the forest to 
eliminate the greatest amount of dead wood produced after deforestation, as it has also been 
reported elsewhere in the Amazon. (Fearnside et al., 2001; Aragão and Shimabukuro, 2010). 
High mean annual precipitation and the very short dry season occurring in both sub-regions 
could explain the relatively low burning efficiency in HG and LG (Malhi et al., 2006; 
Armenteras-Pascual et al., 2011), in addition to chemical and physical properties of wood 
density or moisture content (Araujo et al., 1999). Assuming that farmers in both sub-regions 
perform two fire events after cutting the forest, burning efficiency in HG and LG was 29% 
and 31%, respectively. These results are similar to others reported for the Amazon, averaging 
38% of burning efficiency (Fearnside et al., 1993; Kauffman et al., 1995; Kauffman et al., 
1998; Fearnside et al., 1999; Fearnside et al., 2001; IPCC, 2006). 
 
Despite the similarities in necromass in the first two years of forest-to-pasture conversion, 
significant differences in CWD stocks between HG and LG arose during the second and fifth 
years of pasture establishment, when total necromass reduced 82% and 41%, respectively, 
due to differences in management practices implemented in each sub-region. Whilst in HG 
the use of machinery to remove most of the residual CWD and remnant plant material not-
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consumed completely by fire is frequent, in LG farmers almost exclusively implement fire to 
remove the remnant wood produced after cutting the forest due to limitations to move heavy 
equipment to remote areas within the forest. In summary, the difference in management 
practices within a similar land-cover change category (i.e. forest to pasture) generates a 
pronounced difference in C emissions from dead wood C pool in the Colombian Amazon. 
 
From the fifth year until the end of the 20-year period of forest-to-pasture conversion, in 
the absence of any other management practice to eliminate the dead wood remaining from 
cutting the forest, the reduction of the CWD stocks should be explained by the decomposition 
processes occurring on the pasture surface in both sub-regions. In HG total necromass 
decreased 2.8 Mg ha-1 during the last 15 years of the pasture establishment, whereas in LG the 
reduction was 12.6 Mg ha-1 during the same period (see Table 2). These results would be 
plausible when considering that the non-use of machinery and the low grazing intensity in LG 
would favour the growth of secondary vegetation within the pasture matrix, which would 
accelerate decomposition rates of organic matter by increasing resources available for 
decomposer organisms during the first stages of secondary succession (Brown and Lugo, 
1990). In fact, Navarrete et al. (unpublished) found that C3- and C4-derived C increases along 
the same chronosequence of 20 years of forest-to-pasture conversion due to the growth of 
secondary vegetation within the pasture matrix in LG.  
 
Mean wood density values presented in this study tended to increase from the forest stage 
to the end of the 20-year chronosequence. Although it is expected that dead wood density 
declines as decomposition progresses with time (Harmon et al., 2000), the highest values of 
dead wood density registered at the old pastures in HG and LG would reflect the fact that 
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living trees with high wood density have more probability to resist decomposition and, 
therefore, to persist at the oldest stages of the chronosequence (Melin et al., 2009) 
 
Studies evaluating the variation of CWD stocks with land-cover change are scarce. For 
example, Eaton and Lawrence (2006) reported an increase of 38% in the CWD stocks when 
the forest was converted to agricultural land in a dry tropical region in the south of Mexico 
after slash-and-burn practice was used. Saldarriaga et al. (1988) evaluated dead biomass along 
a chronosequence of forest succession from young forests with a CWD stocks of 1.1 Mg ha-1 
to mature forests (see above). Some other studies on CWD necromass have compared 
undisturbed with degraded or secondary forests in the tropics. For instance, Berenguer et al., 
(2014) found that the dead wood C pool in the eastern Brazilian Amazon forests appears to be 
resistant to the effects of logging and fire, and shows similar CWD stocks between 
undisturbed and degraded forests. Some other studies have compared undisturbed forests with 
forests under conventional logging and the so-called ‘reduced impact logging’ where 
harvesting practices have been improved in order to reduce the impact on the residual forest 
stand in the Brazilian Amazon. Keller et al. (2004), for example, reported that average fallen 
necromass at Cauaxi was 55.2±4.7, 74.7±0.6 and 107.8±10.5 Mg ha-1 for undisturbed, 
reduced impact logging and conventional logging sites, respectively, and was 50.7±1.1 and 
76.2±10.2 Mg ha-1 for undisturbed and reduced impact logging at Tapajós. Palace et al. 
(2007) reported values of fallen necromass of 44.9±0.2 and 67.0±0.2 Mg ha-1 and standing 
necromass of 5.3±1.0 and 8.8±2.3 Mg ha-1, for undisturbed and reduced impact logging sites 
in Pará, respectively. 
 
4.3. Improving dead wood carbon pool emission factors (Tier 3) 
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Dead wood is one of the C pools recommended by IPCC to be assessed as part of the 
emission factors conforming the Forest Reference Emission Level (FREL) that countries 
implementing REDD+ activities should submit to the UNFCCC (FAO, 2014), and also to be 
included in the national greenhouse gas inventories within the AFOLU sector (IPCC, 2006). 
However, under an IPCC Tier 1 approach it should be considered that 100% of C contained in 
the dead wood C pool is emitted immediately after deforestation, conservatively assuming 
that necromass has a value of zero in a post-deforestation land category such as pastures 
(IPCC, 2003; IPCC, 2006). In fact, all countries that submitted their FREL to the UNFCCC 
by 2014 conservatively excluded the dead wood C pool from their final report (Conafor, 
2014; GYC, 2014; MADS, 2014; MAE, 2014; MMA, 2014; MNRE, 2014). Countries 
participating in REDD+ also have the option to establish Tier 3 field-based inventories to 
capture the long-term legacy effects of land-cover change on dead wood C pool, in order to 
improve the accuracy of emission factors on CWD stocks and variation associated with land-
use change activities (IPCC, 2006). However, country- or region-specific information 
including the dead wood C pool is limited, resulting in highly uncertain emission factors 
within the REDD+ national programmes (Angelsen et al., 2012). 
 
The results presented in this study on C stocks in dead wood and their decrease after 20 
years of the forest-to-pasture conversion in two sub-regions with different management 
practices in terms of grazing intensity in the Colombian Amazon, are the first data set and 
equations developed under the IPCC Tier 3 approach using region-specific information (see 
Fig. 4 and Table 3). Considering that countries have the option to submit their initial FRELs 
including a limited number of C pools, and subsequently improve them by incorporating high-
quality data, improved methodologies and additional pools (UNFCCC, 2012), the information 
presented here has the potential to improve the emission factors to be included in the next 
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Colombian FREL by adding Tier 3 information on dead wood C pool and its net change due 
to the conversion from forest to pasture in the Colombian Amazon. 
 
5. Conclusions 
 
Our study suggests that conversion from forest to pasture during 20 years in the Colombian 
Amazon leads to a pronounced reduction in the dead wood C pool, although management 
practices implemented in the high- and low-grazing intensity sub-regions also greatly 
influences CWD stocks in the following different ways: 
• Volume, wood density and necromass of standing and fallen CWD in primary forests 
of the Colombian Amazon are similar between HG and LG, and are within the range 
of CWD stocks in other Amazon forests reported elsewhere. 
• During the first two years of forest-to-pasture conversion, management practices 
resulted in an increase of 124% in HG and 123% in LG in CWD stocks when the 
forest was cut, and a subsequent decrease to similar levels to those found in the 
original forest when fire was applied in two events with low levels of burning 
efficiency. 
• Implementation of machinery to remove dead wood still remaining after the use of fire 
(i.e. between the second and fifth year of pasture establishment) generated a notably 
decrease of 82% of CWD stocks in HG, compared to a reduction of 41% in LG. 
• During the last 15 years of pasture establishment the rate of CWD loss was greater in 
LG, presumably as a consequence of an increase in decomposition rates related to the 
secondary succession. Management practices in HG include the elimination of 
secondary vegetation growing in the pasture matrix, retarding the re-establishment of 
decomposer community. 
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• The implementation of low-grazing management practices after pasture establishment, 
including a reduction in the use of machinery, the implementation of a silvopastoral 
system, or the reduction of the cattle density per hectare to values equal or below to 
the pasture carrying capacity, could contribute to reduce CO2 emissions following 
deforestation by better preserving the C stored in the dead wood after 20 years of 
forest-to-pasture conversion compared to pastures under high-grazing practices 
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